Dpp Gradient Formation in the Drosophila Wing Imaginal Disc  by Teleman, Aurelio A & Cohen, Stephen M
Cell, Vol. 103, 971–980, December 8, 2000, Copyright ª 2000 by Cell Press
Dpp Gradient Formation in the Drosophila
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are produced by cells adjacent to the compartment
boundaries and act symmetrically in both compart-
ments. Therefore, the observation that compartment
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sizes can be controlled independently suggests that the69117 Heidelberg
size compensation process is unlikely to affect morpho-Germany
gen production directly, but may work downstream.
The interaction between a particular morphogen gra-
dient and tissue growth depends on the kinetic charac-Summary
teristics of the ligand. Two types of gradients can be
envisioned—“low throughput” and “high throughput.” AThe secreted signaling protein Dpp acts as a morpho-
“low-throughput” gradient could be formed by a stablegen to pattern the anterior–posterior axis of the Dro-
signaling molecule that spreads slowly to reach allsophila wing. Dpp activity is required in all cells of the
points in the tissue. This could occur if the ligand inter-developing wing imaginal disc, but the ligand gradient
acts strongly with extracellular matrix or with proteinsthat supports this activity has not been characterized.
on cell surfaces. New cells are added uniformly through-Here we make use of a biologically active form of Dpp
out the imaginal disc, so we would expect tissue growthtagged with GFP to examine the ligand gradient. Dpp-
to aid in the transport and dilution of ligand. Thus, growthGFP forms an unstable extracellular gradient that
would drive gradient formation and patterning would bespreads rapidly in the wing disc. The activity gradient
inherently coupled to growth. The principle that cellsvisualized by MAD phosphorylation differs in shape
could spread a stable molecule by displacement duringfrom the ligand gradient. The pMAD gradient adjusted
growth has been illustrated by lineage tracing cells bornto compartment size when this was experimentally
in the Dpp or Spalt expression domains of the wingaltered. These observations suggest that the Dpp ac-
disc (Weigmann and Cohen, 1999). In contrast, a “high-tivity gradient may be shaped at the level of receptor
throughput” gradient could be formed by an unstableactivation.
signaling molecule that moves quickly through the tis-
sue. Since the ligand moves rapidly compared to cellularIntroduction
displacements caused by tissue growth, the distribution
of an unstable ligand should not be affected much byThe size of adult organisms can vary considerably de-
differential tissue growth rates. The spreading of ligandpending on genetic factors or on exogenous factors such
would not be coupled to tissue growth and the accom-as nutrition. For example, Drosophila larvae reared in
modation of the morphogen gradient to the size of thecrowded conditions can produce adults that are much
field being patterned would require more complex regu-smaller than those produced by a well-fed larva. Though
lation. Wingless forms a “high-throughput” gradient insmall, flies raised under these conditions are morpho-
the wing disc (Strigini and Cohen, 2000).logically normal. Recently, it has been shown that sig-
The properties of the Dpp morphogen gradient havenaling through the insulin-receptor/phosphoinositide
not been reported. Until now the evidence that Dpp3-kinase (PI3K) pathway can modulate tissue growth
forms a long-range ligand gradient in the wing disc hasrates (reviewed in Weinkove and Leevers, 2000). Muta-
been indirect. Dpp has been shown to form an activitytions in components of the insulin-signaling pathway,
gradient which regulates the expression domains of sev-including chico/IRS1-4 and p70S6K can lead to the pro-
eral genes (Lecuit et al., 1996; Nellen et al., 1996; Tsunei-
duction of small, yet normally patterned adult flies (Bo¨hni
zumi et al., 1997; Campbell and Tomlinson, 1999; Jaz-
et al., 1999; Montagne et al., 1999). These observations
winska et al., 1999; Minami et al., 1999; Tanimoto et al.,
indicate that the mechanisms used to organize spatial 2000). It has been inferred that Dpp acts directly on
pattern in the developing imaginal discs have the capac- distant cells, because all cells must be able to transduce
ity to compensate for quite substantial differences in the Dpp signal for normal patterning. However, pre-
the size of the field in which they work. viously, it has not been possible to visualize the long-
The developing wing imaginal disc is subdivided into range Dpp ligand gradient due to lack of suitable re-
compartments. Experiments in which PI3K pathway ac- agents. With the recent description of cytonemes—long
tivity was modulated in a compartment-specific manner cytoplasmic projections which all cells in the wing disc
have shown that compartment sizes can be controlled extend to the A/P boundary—the possibility arises that
independently (Goberdhan et al., 1999; Montagne et al., Dpp does not form a concentration gradient, but inter-
1999; Weinkove et al., 1999; Verdu et al., 1999). Under acts locally with cytoneme termini to exert its long-range
these conditions the patterning system—in particular effects (Ramirez-Weber and Kornberg, 1999).
the Wingless and Dpp morphogen activity gradients Here we examine the properties of the Dpp morpho-
(Lecuit et al., 1996; Nellen et al., 1996; Zecca et al., gen gradient using a biologically active form of Dpp
1996; Neumann and Cohen, 1997)—must be scaled to tagged with Green Fluorescent Protein (GFP). Dpp-GFP
accommodate to altered tissue sizes. Wingless and Dpp forms an unstable long-range extracellular gradient. It
moves rapidly through the tissue and is rapidly turned
over. Yet, the Dpp activity gradient scales to the size of* To whom correspondence should be addressed (e-mail: cohen@
embl-heidelberg.de). the compartment over a broad range of sizes. We pre-
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Figure 1. Biological Properties of Dpp-GFP
(A) Diagram of the Dpp-GFP construct. Amino
acid residues flanking the GFP insertion site
are indicated. (B) Immunoblot of GFP-con-
taining proteins. S2 cells were transfected
with the Dpp-GFP construct and induced for
two days. Cell lysates and conditioned me-
dium were immunoprecipitated with rabbit
anti-GFP and blots were probed with mouse
anti-GFP. Most of the processed GFP-ligand
was present in the medium while the unpro-
cessed, higher molecular weight forms were
cell-associated. (C) dppd8/dppd12 mutant wing.
The wing blade is almost entirely missing.
Some wing hinge structures are present. (D)
Upper panel: dppd8/dppd12 mutant wing res-
cued by expression of UAS-Dpp-GFP under
dppGAL4 control. Wing size and pattern are al-
most normal except that ectopic vein material
was seen near vein 3 and the spacing be-
tween veins 3 and 4 was slightly increased.
Lower panel: dppd8/dppd12 mutant wing disc
rescued by expression of UAS-Dpp-GFP un-
der dppGAL4 control. pMAD (red), Spalt (blue)
and Dpp-GFP (green). (E) Upper panel: wild-
type wing shown at the same magnification
as the mutant and rescued wings in (C) and
(D). Lower panel: wild-type wing disc labeled
as in (D).
sent evidence that the shape of the Dpp-GFP ligand overexpression of wild-type Dpp (not shown). As a more
stringent evaluation of Dpp-GFP activity, we askedgradient and the activity gradient that it generates differ
substantially. Regulation of the shape of the activity whether Dpp-GFP could replace endogenous Dpp in
wing development. Wing size is strongly reduced ingradient may provide the means to scale the morphogen
gradient to the size of the field being patterned. dppd8/dppd12 mutant flies (Figure 1C). Expression of Dpp-
GFP in the endogenous Dpp domain restored near nor-
mal growth and patterning of the wing in this mutantResults
background (Figures 1D and 1E). The Dpp-GFP activity
gradient was visualized in wild-type and rescued wingDpp-GFP Supports Wing Development
To investigate the properties of the Dpp gradient in the discs using an antibody that recognizes a form of MAD
that is phosphorylated by the activated Dpp receptordeveloping wing imaginal disc, we constructed a biolog-
ically active Dpp-GFP fusion protein. Dpp is synthesized (pMAD; Tanimoto et al., 2000) and by expression of
Spalt, which is induced by Dpp signaling. dppd8/dppd12as a precursor protein that is proteolytically processed
to produce a C-terminal fragment that functions in sig- discs had small wing primordia and expressed very low
levels of pMAD and Spalt, consistent with a reductionnaling. Adding GFP to the C terminus of the signaling
fragment rendered Dpp inactive, so we inserted GFP in Dpp activity (not shown). Nuclear pMAD and Spalt
expression were restored in the rescued wing discs (Fig-near the N terminus of the signaling fragment of Dpp,
downstream from the predicted proteolytic cleavage ures 1D and 1E). Thus, Dpp-GFP is capable of forming
a long-range activity gradient in the wing imaginal disc.site (Figure 1A). To verify that Dpp-GFP is processed as
predicted and secreted, Drosophila Schneider S2 cells The properties of Dpp-GFP appear to be sufficiently
similar to those of the endogenous Dpp protein to sup-were transfected with an inducible Dpp-GFP construct.
Following induction, GFP-containing proteins were im- port normal wing development. For the analysis that
follows, we make use of Dpp-GFP as a surrogate formunoprecipitated from cell lysates and from condi-
tioned medium and visualized by immunoblotting. A endogenous Dpp.
secreted protein of the expected size was immunopre-
cipitated from conditioned medium (Figure 1B; 20 kDa Dpp-GFP Forms an Extracellular Gradient
The Dpp-GFP protein gradient was examined by confo-from Dpp 1 27 kDa from GFP). A smaller amount of this
protein was immunoprecipitated from cell lysates. Two cal fluorescence microscopy in wing imaginal discs. Fig-
ure 2A shows an optical section of a live wing disclarger proteins of z90 and 110 kDa were precipitated
from cell lysates. In disc lysates, the unprocessed pre- expressing Dpp-GFP under control of dppGAL4. Fluores-
cence intensity levels are highest in the central regioncursor migrated at 110 kDa and the 90 kDa band was
not observed (see Figure 3A). The unprocessed forms of the disc where Dpp is produced and appear to form a
broad shallow gradient on both sides. Note the punctateof Dpp-GFP were not secreted.
Overexpression of Dpp-GFP in its endogenous do- appearance of Dpp-GFP. The brightness of these spots
as well as the number of spots per unit area decreasemain with dppGAL4 in a wild-type background causes
imaginal disc overgrowth that is indistinguishable from with distance from the source of Dpp. A plot of the
Dpp Gradient Formation
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Figure 2. The Dpp-GFP Gradient
(A) Live wing disc expressing UAS-Dpp-GFP under dppGAL4 control imaged by confocal microscopy. (B) Wing disc expressing UAS-Dpp-GFP
under dppGAL4 control (green) fixed and stained for Ci protein (red) to label the anterior compartment. While Dpp-GFP fluorescence can be
detected across the entire width of the wing pouch in live tissue; the signal is less strong in fixed preparations. (C) Upper panel: Dpp-GFP
expression in the dorsal compartment from (B), shown alone. Lower panel: Intensity profiles of the dorsal compartment from (B). Red trace,
Ci; green trace, GFP. Dpp-GFP forms a shallow gradient. (D) Intensity profile for the wing disc in (A), indicating fluorescence intensity along
the AP axis. The signal to noise ratio is much better for the unfixed disc. (E) Optical section of a dppGAL4 UAS-Dpp-GFP wing disc. a, anterior;
p, posterior. The dashed line indicates the position of the optical cross-section shown in (F). (F) Optical cross-section showing Dpp-GFP
outlining the cell surface and in punctate spots. Dpp-GFP is uniform along the apical-basolateral axis (top is apical). Lower panel shows a
false-color fluorescence intensity map of the top panel, with white denoting highest fluorescence intensity and black lowest intensity. The
diffuse, membrane-associated fluorescence and the number of brighter punctate spots decrease with distance from the source.
fluorescence intensity profile for this disc is shown in the hTfR and Tkv channels separately), suggesting that
the spots of Tkv represent receptor internalization via theFigure 2D. Figure 2B shows an optical section of a similar
disc, fixed and labeled with antibody to Ci protein to endocytic pathway. These observations suggest that
the punctate spots of Dpp-GFP may reflect ligand inter-mark the anterior compartment. A plot of fluorescence
intensity showed that Dpp-GFP levels were highest in nalized by receptor-mediated endocytosis. We note that
overlap is difficult to detect because Dpp-GFP levelsthe dppGAL4-expressing cells on the anterior side of the
compartment boundary (Figure 2C). In optical cross- are low in the lateral region of the disc where Tkv levels
are higher.sections of a fixed sample, Dpp-GFP was observed in
punctate spots within the epithelium as well as more In addition to the bright spots of internalized Dpp-
GFP, GFP fluorescence was seen in a diffuse patterndiffusely distributed over the surface of the cells (Figures
2E and 2F). In cross-section it is possible to see that the outlining the cells (Figures 2C and 3B). This may reflect
surface-associated extracellular Dpp-GFP, but we noteintensity of surface-associated label also decreased with
distance from the source (Figure 2F, lower panel, red). that this cannot be determined by fluorescence micros-
copy. To ask whether a significant fraction of Dpp-GFPTo ask whether the bright spots of intracellular Dpp-
GFP could represent protein concentrated in endocytic is extracellular, we took a biochemical approach. Intact
wing discs were treated with proteinase K to digestvesicles, we compared their distribution with that of the
Dpp receptor Thickveins (Tkv). Tkv protein levels are extracellular proteins and examined by immunoblotting
(Figure 4A). Digestion of Dpp-GFP was compared withhigh at the lateral edge of the wing pouch and lower in
the center (Figure 3A). Antibody to Tkv shows a diffuse, that of Fasciclin II, a membrane protein, and of tubulin,
an abundant cytoplasmic protein. Fasciclin II was com-membrane-associated labeling. At higher magnification
a punctate pattern of spots is also observed (Figures pletely digested while Tubulin was essentially unaf-
fected in whole disc lysates. Digestion of Dpp-GFP was3B–3E). Approximately one-third of the spots of Dpp-
GFP colocalize with Tkv. To ask whether the spots of monitored in immunoprecipitates of the same lysates.
The amount of unprocessed 110 kDa precursor did notTkv reflect endocytic vesicles, we used the human
Transferrin receptor (hTfR) as a marker for endocytic change significantly upon treatment of wing discs with
proteinase K, indicating the unprocessed form of Dpp-vesicles in Drosophila (Bretscher, 1996). Discs express-
ing hTfR under control of enGAL4 were labeled with anti- GFP was not accessible to the protease. In contrast,
most of the C-terminal signaling protein was digested,hTfR (Figure 3C, green) and anti-Tkv antibodies (Figure
3C, red). Most spots of Tkv colocalize with an hTfR though a small amount could still be detected. These ob-
servations indicate that most of the processed signalingaccumulation (Figures 3C–3E; panels [D] and [E] show
Cell
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Figure 3. Thickveins Localization
(A) Wild-type third instar wing disc stained with anti-Tkv antibody.
Thickveins is expressed more strongly laterally than centrally. Figure 4. Extracellular Dpp-GFP Is Unstable
Thickveins predominantly outlines the cells, but at higher magnifica-
(A) Left panel: Immunoblot of GFP-containing proteins immunopre-tion (C) can also be seen in spots. (B) Wing disc expressing UAS-
cipitated from intact wing discs. Lane 1, 200 control discs; lanes 2Dpp-GFP under dppGAL4 control (green) stained for Thickveins (red).
and 3, 200 dppGAL4 UAS-Dpp-GFP discs each. Discs in lane 3 wereThough Tkv spots are difficult to visualize in the central region of
digested with proteinase K to digest extracellular proteins. Discs inthe disc due to low fluorescence intensity, roughly one third of
lanes 1 and 2 were mock digested. GFP-containing proteins wereDpp-GFP spots colocalize with a Tkv accumulation. (C) Wing disc
immunoprecipitated with rabbit anti-GFP and blots were probedexpressing UAS-hTfR under control of en-GAL4 (green, and [D])
with mouse anti-GFP. Cross-reaction with the IgG band from thestained to reveal Thickveins localization (red, and [E]). Almost all
immunoprecipitating antibody is indicated. M: size markers. TheTkv spots colocalize with an accumulation of hTfR, used as an
precursor form of Dpp was not digested (pro-form). Dpp-GFP pro-endocytic marker.
tein was digested to near background levels. Right panel: Immu-
noblot of whole disc lysates from the samples in lanes 2 and 3
were probed with anti-Tubulin, to monitor digestion of intracellular
form of Dpp-GFP is extracellular. The protease-resistant proteins, and with anti-Fasciclin II to monitor digestion of cell surface
fraction may reflect the fraction of Dpp-GFP in intracellular proteins. (B) Immunoblots of intact wing discs expressing Dpp-GFP
probed with anti-Fasciclin II, anti-Wingless, or anti-GFP. Discs werevesicles. If this is the case, the bright spots of internal-
surface-biotinylated to tag extracellular proteins and then culturedized protein constitute a small fraction of the secreted
at 258C for either 0 or 3 hr. Biotinylated proteins were recovered byDpp-GFP in the disc. The larger fraction of extracellular
binding to Streptavidin-agarose beads.Dpp-GFP is more difficult to visualize by microscopy,
perhaps because its distribution is diffuse.
spots of intracellular Dpp-GFP reflect protein targetedSecreted Dpp-GFP Is Rapidly Turned Over
to the lysosome for degradation. Use of a pulse–chaseTo gauge the stability of extracellular Dpp-GFP, we per-
method to monitor Dpp-GFP turnover requires that discsformed a pulse–chase experiment in the wing disc. In-
be cultured briefly. We cannot exclude the possibilitytact wing discs expressing Dpp-GFP in the endogenous
that the properties of Dpp-GFP in cultured discs maydomain were biotinylated on ice to label cell surface and
differ from those in the intact larva. However, we noteextracellular proteins. Discs were cultured for 3 hr to
that Wg behaves comparably in both situations.allow turnover of labeled proteins, or lysed immediately.
Biotinylated proteins were recovered by binding to
streptavidin beads and examined by immunoblotting The Dpp Gradient Forms Rapidly
The Dpp-GFP gradient that we observed in the living(Figure 4B). Fasciclin II levels decreased little during the
3 hr chase period. Wingless levels were considerably wing disc reflects a dynamic balance between the rates
of ligand turnover and production. The observation thatreduced, in agreement with previous reports that se-
creted Wingless is turned over rapidly in the wing disc Dpp-GFP is unstable therefore predicts that the rate of
ligand movement through the tissue should be relatively(Cadigan et al., 1998; Strigini and Cohen, 2000). Dpp-
GFP protein was reduced to nearly undetectable levels fast. To examine the rate of Dpp gradient formation, we
made use of a temperature-sensitive mutation in theduring the 3 hr chase period, indicating that secreted
Dpp-GFP is rapidly turned over in cultured discs. Dpp- hedgehog gene, which allows dpp synthesis to be re-
versibly blocked. Previous studies have shown that dpp-GFP was not recovered from the culture medium, sug-
gesting that it was degraded, and not shed from the lacZ expression is removed by raising hhts2 larvae at
298C for 24 hr (Strigini and Cohen, 1997). This treatmentdiscs into the culture medium. It is possible that some
Dpp Gradient Formation
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Figure 5. Time Course of Dpp Gradient Formation
Wing imaginal discs labeled with anti-pMAD (white) and anti-bGal to visualize dpp-lacZ expression. Hours recovery indicates time after the
shift to the permissive temperature to reactivate Hh and allow new synthesis of Dpp at which larvae were sampled. The low level of pMAD
labeling in the pouch at 0 hr recovery indicates that a low level of Dpp signaling activity remained, even though dpp-lacZ expression was
undetectable. By 2 hr recovery, p-MAD staining was seen over a few cell diameters in the posterior compartment. By 4 hr, pMAD was seen
at somewhat reduced levels in an almost normal-sized domain, although dpp-lacZ expression was still not detectable. By 7 hr dpp-lacZ
expression was detected and pMAD staining was essentially fully recovered.
results in almost complete loss of Dpp signaling activity 7A and 7B). Conversely, when the P compartment was
decreased in size by expression of the dominant-nega-in the wing disc, as visualized by the low level pMAD
labeling in the center of the wing disc (Figure 5, 0 hr tive form of PI3K the width of the Spalt domain in the
posterior was considerably decreased (Figure 6C). Plotsrecovery). Larvae were shifted back to the permissive
temperature to restore hh activity and the time course of Spalt fluorescence intensity are shown below the
discs to facilitate comparison of the relative width ofof pMAD gradient formation was monitored. Increased
pMAD staining was detected by 2 hr recovery, before the domain in A and P compartments.
To allow a more quantitative comparison of the effectthe appearance of detectable levels of dpp-lacZ reporter
gene expression. By 4 hr, pMAD staining was seen in a of tissue growth on the shape of the Dpp activity gradi-
ent, we measured the width of the Spalt domain in thesymmetric domain of nearly normal size, though at a
reduced level. Between 7 and 24 hr, pMAD staining P compartment as a fraction of the total Spalt domain.
The normalized width of the posterior expression do-returned to normal levels. These observations suggest
that Dpp spreads rapidly through the tissue. Although main was plotted as a function of normalized P compart-
ment width. This allowed us to compare several discswe cannot accurately estimate the time required for re-
covery of hh activity and for new synthesis, processing, of each type and to correct for differences in absolute
disc size. The normalized width of the Spalt domain inand secretion of Dpp protein, we infer that Dpp gradient
formation requires less than 4 hr. the P compartment showed a strong correlation with
compartment size (Figure 6D, correlation coefficient
0.93). This indicates that the shape of the Dpp activityAccommodation of Pattern to Compartment Size
gradient as reflected by the Spalt expression domainThe results presented thus far suggest that Dpp forms
adjusts to the size of the compartment.a high-throughput gradient. On this basis we would ex-
Like Dpp-GFP, Wingless protein has been shown topect tissue growth rate to have little direct effect on
be unstable and to spread quickly through tissue (Stri-ligand movement. Yet, manipulation of growth rates can
gini and Cohen, 2000). In a similar set of experiments, weproduce anterior and posterior compartments of differ-
assessed size compensation for the Wingless gradient.ent size with a normal complement of pattern elements
The shape of the Wingless activity gradient was mea-along the AP axis. To examine how this occurs, we made
sured using Distal-less expression in discs where theuse of transgenes expressing constitutively active or
dorsal compartment was increased or decreased in sizedominant negative forms of PI3-kinase (Leevers et al.,
by expression of PI3K variants under control of the dor-1996). Overexpression of an activated form of PI3K
sal GAL4 driver MS1096. The size of the Distal-less do-causes tissue overgrowth whereas overexpression of a
main showed a weaker correlation with compartmentdominant-negative form causes tissue undergrowth. In
size (Figure 6F; correlation coefficient 5 0.76), sug-a wild-type disc, the Spalt domain is centered on the
gesting that the Wingless activity gradient does notDpp expression domain. Excluding the Dpp-expressing
compensate for size differences as effectively as thedomain, the extent of the Spalt domain is roughly equal
Dpp gradient.in A and P compartments (Figure 6B). Using enGAL4 to
direct expression of UAS-Dp110-CAAX in the P com-
partment of the wing disc caused considerable over- Size Accommodation Occurs by Spatial
Regulation of Dpp Signaling Activitygrowth of the compartment. Concurrently, the width of
the Spalt domain in the P compartment increased rela- Size accommodation is reflected in the expression of
target genes like Spalt. To ask whether this occurs attive to the A compartment (Figure 6A). Clones of cells
expressing UAS-Dp110-CAAX were not able to induce the level of target gene regulation or at an earlier stage
by regulating Dpp signaling activity, we made use ofectopic Spalt expression outside the endogenous Spalt
domain, indicating that expansion of the Spalt domain anti-pMAD to visualize the level of Dpp signaling activity
in discs undergoing size accommodation. SMAD proteinsseen in enGAL4 UAS-Dp110-CAAX wing discs was not
due to increased sensitivity of P cells to Dpp (Figures are phosphorylated by type II receptors upon ligand bind-
Cell
976
Figure 6. The Dpp Activity Gradient Accommodates to Differences in Disc Size
Wing discs labeled for Spalt protein (red). Engrailed (green) marks the P compartment. PI3K transgene expression was visualized by the Myc
epitope tag (blue). The dip in the level of Spalt expression in the center of the disc is due to Hedgehog activity and coincides with the stripe
of Dpp-expressing cells (Tanimoto et al., 2000). Intensity profiles of the Spalt domain are shown below in red. Double-headed arrows indicate
the width of the Spalt domain in the P compartment. (A) enGAL4 UAS-Dp110-CAAX wing disc, expressing the activated form of PI3K. Note the
relative increase in the range of Spalt activation in the P compartment. enGAL4 is also active in anterior cells and causes some local overgrowth
near the compartment boundary at late stages. (B) Wild-type disc. (C) enGAL4 UAS-Dp110-D954A wing disc, expressing the dominant-negative
form of PI3K. Note the reduced range of Spalt activation in the P compartment. The wing pouch extended further than the Spalt domain, so
the size of the wing pouch was not limiting. (D) Plot of normalized Spalt expression (Y axis) versus normalized posterior compartment size
for wild-type, enGAL4 UAS-Dp110-CAAX, and enGAL4 UAS-Dp110-D954A wing discs. The size of the Spalt domain showed a strong correlation
with posterior compartment size. (Correlation coefficient r 5 0.93). (E) Plot of normalized nuclear pMAD (Y axis) versus normalized posterior
compartment size as in (D). Discs were from a separate experiment. (Correlation coefficient r 5 0.94). (F) Plot of normalized dorsal Dll expression
(Y axis) versus normalized dorsal compartment size as in (D). The size of the Dll domain correlates less well with D compartment size
(Correlation coefficient r 5 0.76).
ing. Phosphorylated receptor-activated SMAD proteins MAD phosphorylation, or could reflect modulation of
Dpp receptor activity levels.associate with a Co-SMAD and translocate to the nu-
cleus (reviewed by Massague and Chen, 2000). As there Changes in receptor activity levels could be caused
by growth-dependent changes in receptor expressionare no other transducers of Dpp signaling known, nu-
clear pMAD levels can be taken to reflect the intensity levels. We have examined Tkv expression in discs un-
dergoing size accommodation. Expression of activatedof Dpp signal transduction activity (Tanimoto et al.,
2000). As observed for Spalt, the size of the posterior or dominant-negative PI3K in the posterior compart-
ment with enGAL4 does not change the relative level ofpMAD domain showed a high correlation to the size of
the posterior compartment (Figure 6E; correlation coeffi- receptor between A and P compartments (not shown).
This suggests that receptor levels are not responsiblecient 5 0.94). Enlarging the size of the posterior com-
partment extended the domain of pMAD staining while for the alteration in activity. However, Tkv is transcrip-
tionally repressed by Dpp signaling (Lecuit and Cohen,decreasing the size of the posterior compartment re-
duced the domain of pMAD. The finding that the size 1998), so its expression profile accommodates to altered
compartment size in a manner similar to that of the otherof the pMAD domain correlates with compartment size
suggests that size accommodation occurs at the level of Dpp target gene Spalt.
brinker has been identified as a repressor of DppMAD phosphorylation, which reflects signaling activity.
This could reflect a direct modulation of the stability of target gene expression (Campbell and Tomlinson, 1999;
Dpp Gradient Formation
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(Morata and Ripoll, 1975). We therefore assumed that
clones of rapidly growing cells would not perturb the
Dpp activity gradient. To address this, we examined the
effects of large clones of cells overexpressing activated
PI3K. Figures 7E and 7F show an example of a PI3K-
CAAX clone that comprised a large fraction of the P
compartment. The clone straddled the boundary of the
Spalt domain. If size compensation were a local property
of the clone, we would have expected the border of the
Spalt domain to shift posteriorly within the clone, further
from the Dpp source. Instead, the Spalt domain was not
noticeably affected. This confirms the expectation that
size accommodation is a property of compartments.
Ligand versus Activity Gradients
Wing discs in which Dpp-GFP has replaced endogenous
Dpp provide an opportunity to simultaneously visualize
Dpp ligand levels and receptor (Tkv) levels. Using pMAD
we can also visualize the level of receptor activation.
Figure 8A shows a dppd8/dppd12 wing disc expressing
Dpp-GFP under control of dppGAL4 and stained to visual-
ize pMAD and Tkv levels. The expression profiles of the
three proteins are compared in Figure 8B. As reported
previously, pMAD levels are low in the Dpp-expression
domain and show an abrupt increase in adjacent A and
P cells. The decrease in pMAD levels has been attributed
to reduced thickveins expression due to transcriptional
repression in response to Hedgehog signaling (Tani-
moto et al., 2000). Outside of this central region, compar-
ison of Tkv protein levels and pMAD shows that the
level of receptor shows a limited correlation with activity
Figure 7. Effects of Dp110-CAAX and Brinker Overexpression on levels. The pMAD profile forms a plateau in both A and
Spalt and pMAD Levels P compartments. The pMAD plateau is narrower in the
(A and B) Wing disc with clones of cells overexpressing activated P compartment, presumably due to the elevated level
PI3K (myc-Dp110-CAAX, green) stained with anti-Spalt antibody
of Tkv (see also Tanimoto et al., 2000). Elevated levels(red and [B]). Cells expressing activated PI3K do not show altered
of Tkv have been suggested to limit the range of Dppsensitivity to Dpp signaling. (C and D) A wing disc containing a clone
of cells overexpressing Brinker (outlined in green), shows reduced movement in the disc (Lecuit and Cohen, 1998). This
Spalt levels (C) but not pMAD levels (D) within the clone. (E and F) effect can be visualized by comparing the slope of the
The edge of the Spalt domain (red and [F]) is not locally extended Dpp-GFP gradient in A and P compartments, which dif-
further from the Dpp source by the presence of a large clone of
fer in the level of Tkv expression in the mature thirdcells overexpressing activated PI3K (myc-Dp110-CAAX, green).
instar disc. We averaged the images of four discs ex-
pressing Dpp-GFP and analyzed the fluorescence inten-
sity profile along the AP axis (Figure 8C). The slope ofJazwinska et al., 1999; Minami et al., 1999). brinker is
the anterior Dpp-GFP gradient is 1.3 while the slope inexpressed laterally in the wing disc and its expression
the posterior is 22.0. This difference in slopes can alsois repressed by Dpp signaling. To ask if repression medi-
be seen directly in Figures 8C and 2D.ated by Brinker could have an effect on size accommo-
More striking, however, is the finding that other fea-dation, we generated clones of cells in the wing disc
tures of the pMAD distribution profile do not correlateoverexpressing Brinker and examined Spalt and pMAD
well with either ligand or receptor levels. The level oflevels (Figures 7C and 7D). In agreement with previous
nuclear pMAD decreases sharply at the end of the pla-studies, Brinker overexpression represses Spalt; how-
teau in both compartments. The shape of the pMADever, we find that Brinker expression does not de-
profile correlates extremely well with the Spalt domain.tectably affect levels of MAD phosphorylation (Figure
Large changes in pMAD and Spalt levels occur over7D). Brinker expression also does not perturb Thickvein
distances in which there are relatively small changes inlevels (not shown). These observations indicate that tar-
the level of ligand or receptor. Thus, the shapes of theget gene regulation can be uncoupled from the level of
ligand and activity gradients differ considerably. Thissignaling activity in the cell. Compartment size appears
suggests a requirement for other modulators of Dppto correlate strongly with Dpp signaling activity, re-
signaling activity that act at the level of receptor activa-flected by MAD phosphorylation (Figure 6E).
tion or pMAD phosphorylation. We note that size accom-Previous studies using Minute mutations have sug-
modation occurs at the level of pMAD phosphorylation,gested that clones of cells with different relative growth
rates do not perturb patterning within a compartment and may reflect this additional layer of regulation.
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Figure 8. Comparison of Dpp-GFP Ligand and Activity Gradients
(A) Portion of a dppD8/dppD12 wing disc expressing UAS-Dpp-GFP under dppGAL4 control (green) labeled for pMAD (blue) and Thickveins (red).
(B) Fluorescence intensity profiles of (A). (C) Dpp-GFP fluorescence intensity profile along the AP axis for four wing discs expressing UAS-
Dpp-GFP under dppGAL4 control, averaged together to reduce noise. Dpp-GFP levels drop off more quickly in the posterior compartment (slope
22.00) compared to the anterior (slope 1.28).
Discussion then drops off abruptly. This abrupt transition in pMAD
levels does not coincide with abrupt changes in either
Ligand Gradient Formation Dpp ligand or Tkv receptor levels. This observation sug-
Our results provide evidence for an extracellular gradi- gests that additional factors contribute to shaping the
ent of secreted Dpp-GFP that spreads across the wing activity gradient. Possible modulators include the inhibi-
disc and signals directly to distant cells. The kinetic tory SMAD (Dad) which is induced by Dpp signaling
properties of the Dpp gradient are similar to those of (Tsuneizumi et al., 1997), other Dpp receptors (for exam-
the Wingless gradient (Strigini and Cohen, 2000)—both ple Saxophone; Haerry et al., 1998), or the levels of the
ligands are unstable and spread quickly across the wing adaptor protein SARA (Tsukazaki et al., 1998). Alterna-
disc. How are the ligand gradients formed? Possibilities tively, abrupt transitions are seen when reactions are
include (1) movement by attachment to the cell surface cooperative. For instance, Dpp receptor binding may be
or the extracellular matrix, (2) active transport, and (3) cooperative, or Tkv phosphorylation of MAD may require
diffusion. Our results now rule out the model of Dpp a cooperative step such as receptor clustering.
spreading as a result of tissue growth. Cells in the wing
disc divide on average every 8 hr (Gonza´lez-Gaita´n et
Accommodation of Pattern to Tissue Sizeal., 1994). Our observations indicate that most of the
Our results show that the Dpp activity gradient has asecreted Dpp protein would be degraded within that
remarkable ability to compensate for altered compart-time. Also, Dpp moves rapidly through the wing disc
ment size. Compartments can differ by almost a factorrelative to the rate of tissue growth.
Two modes of active transport have been considered. of two in size and yet contain all normal pattern elements
A possible function for cytonemes might be to transport (Figure 5 and Goberdhan et al., 1999; Verdu et al., 1999).
Dpp from the center of the disc to distant cells (Ramirez- Over a broad range of compartment sizes Dpp activity
Weber and Kornberg, 1999). Cytonemes are located in levels are maximal in the center of the disc and minimal
the lumen of the disc, which corresponds to the apical at the edge of the compartment.
side of the epithelium. We note that Dpp-GFP is not Since adult wings of different sizes are normally pat-
concentrated on the apical side of the wing disc epithe- terned, it was expected that the Dpp patterning system
lium, as might be expected if cytonemes were involved would adjust for different tissue sizes at some point in
in Dpp transport. Our observations suggest that most development. Our results show that size compensation
of the Dpp-GFP is basolateral. It has also been proposed occurs remarkably early in the Dpp signal transduction
that receptor-mediated endocytosis plays a role in Dpp cascade, at the level of receptor activation. Presumably,
gradient formation (Gonza´lez-Gaita´n and Ja¨ckle, 1999). this may result in a continuous coordination between
According to this view, cells would transport Dpp by tissue size and patterning. This also suggests that regu-
repeated cycles of endocytosis and resecretion. Colo- lators of Dpp target gene expression, such as Brinker,
calization of Tkv with an endocytic marker suggests that are not responsible for size accommodation, but rather
these spots of Tkv represent endocytic vesicles. Thus, that levels of the Dpp “upstream signaling compo-
the spots of Dpp-GFP could reflect intermediates in the
transport process. Alternatively, these vesicles might
reflect Dpp targeted for intracellular degradation. With
the caveat that both Dpp-GFP and Tkv spots are difficult
to visualize, the fact that some Dpp-GFP accumulations
colocalize with a Tkv spot and some do not might reflect
segregation of a recycling receptor and a ligand des-
tined for degradation. Our data do not allow us to distin-
guish between endocytosis-mediated transport and
Figure 9. Diagram Illustrating the Shape of the Dpp Activity Gradient
movement through the extracellular space by diffusion. in Compartments of Different Size
Cells A and B are equidistant from the source of Dpp. Cell A is in the
Shape of the Dpp Activity Gradient rapidly growing compartment. Cell B is in the more slowly growing
The Dpp activity gradient gauged by MAD phosphoryla- compartment. Consequently, the two cells experience different lev-
els of Dpp signaling activity.tion forms a plateau in both A and P compartments and
Dpp Gradient Formation
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Cell Culturenents”—Dpp, Tkv, SARA, Dad, and MAD—sense and
Drosophila Schneider S2 cells were transiently transfected with 3 mgadjust their levels to compartment size.
of Dpp-GFP DNA per well in 6-well plates using Lipofectin (Gibco).To examine this problem we consider the state of the
Expression was induced by addition of 0.7 mM CuSO4 for 2 days.Dpp activity gradient in two cells that are equidistant Conditioned medium was collected and cells were harvested for
from the Dpp source in compartments that are growing immunoprecipitation. Cells were lysed in 50 mM Tris pH 7.5, 150 mM
at different rates (Figure 9). Our results show it is possi- NaCl, 1% Triton X100 and protease inhibitors (Boehringer, complete)
and immunoprecipitated using Rabbit anti-GFP.ble for cell A in the larger, faster growing compartment,
to have high levels of MAD phosphorylation while cell
AntibodiesB does not. There are two differences between cells A
Anti-Ci (Schwartz et al., 1995); anti-pMAD “PS1” (Persson et al.,and B that can be used to suggest models for how this
1998); anti-Wingless (Brook and Cohen, 1996); anti-Fasciclin II (Lin
might be accomplished. (1) Cell A belongs to a faster and Goodman, 1994); anti-Dll (Wu and Cohen, 1999); anti-Engrailed
growing cell population than cell B. If the rate of cell 4D9 (Patel et al., 1989); anti-Tubulin (Sigma); rabbit anti-c-Myc
growth and division could influence how quickly cells (Santa Cruz); mouse anti-GFP (Clontech). Rat anti-Spalt was raised
against the 134 C-terminal amino acids of Spalt as described bychange their responsiveness to Dpp signaling, the rate
(Kuhnlein et al., 1994). Rat anti-Thickveins was raised against theof growth might be able to affect the shape of the activity
intracellular domain of Tkv.gradient. However, we find that the presence of a large
clone of quickly growing cells does not locally perturb
Disc Manipulations
the Dpp activity gradient suggesting that growth rate For protease treatment, wing imaginal discs were dissected in ice-
per se is not responsible for size accommodation. (2) cold PBS and processed as described in Strigini and Cohen, 2000.
Cell B is closer to the lateral edge of the disc than cell For surface biotinylation, wing imaginal discs were dissected in cold
PBS and incubated for 20 min in cold PBS containing 1 mg/ml Sulfo-A. If we assume that the edge of the disc provides a
NHS-LC-Biotin (Pierce). Biotinylation was quenched by incubatingsink with a high capacity to degrade or inactivate Dpp,
cells with ice-cold PBS containing 100 mM glycine for 25 min. Discscell B will experience a lower level of Dpp than cell A
were washed in PBS and lysed in PBS containing 2% NP-40, 0.2%despite being equidistant from the source. If Thickveins
SDS, and protease inhibitors. The lysate was cleared by centrifuga-
is involved in Dpp downregulation, the high level in lat- tion and biotinylated proteins were recovered by binding to Strep-
eral cells might facilitate removal of Dpp by receptor- tavidin-agarose beads (Pierce) overnight at 48C. Beads were washed
mediated endocytosis. thickveins has already been and proteins recovered in SDS-PAGE sample buffer.
shown to limit the effective range of Dpp in the disc
Intensity Profiles(Lecuit and Cohen, 1998), and we see a correlation be-
Intensity profiles were generated by NIH Image software. Imagestween higher Tkv levels in the posterior and a steeper
were copied from Adobe Photoshop into NIH Image. Average inten-Dpp-GFP gradient. For this mechanism to work we must
sity for each image was measured using the plot function. For multi-
assume that Dpp is not able to downregulate Thickveins channel images, individual channels were measured separately and
laterally. The lateral sink need not degrade Dpp. Other the plots overlaid using Adobe Photoshop. For Figures 2A and 8,
mechanisms for removing Dpp activity laterally could the entire wing pouch was measured; for Figures 2B and 2C the
dorsal compartment was measured; for Figure 6 a narrow stripe justinvolve secreted antagonists.
dorsal of the DV boundary was measured. Measurements of DllIt has previously been shown that expression of Dpp
domain width were done in the middle of the posterior compartment.target genes spreads slowly around Dpp-expressing
clones in the lateral regions of the wing disc (Lecuit and
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